In recent years, bacteriocin, as a natural antimicrobial compound, provides enormous promise to be used in food safety preservation. In this work, the polyethylene(PE)-based biological preservative films incorporating plantaricin BM-1, a typical IIa bacteriocin produced by Lactobacillus plantarum BM-1, were developed and characterized. The results showed that PE, low-density PE (LDPE) and high-density PE (HDPE) films soaked in plantaricin BM-1 solution had obvious antimicrobial activities against Listeria monocytogenes. And the volume of plantaricin BM-1 solution absorbed by PE, LDPE and HDPE films continued to increase and reached the maximum during exposure for up to 10, 6 and 16 h, respectively. And the maximum absorption volumes of plantaricin BM-1 solution had no significant difference (P > 0.05) between the PE, LDPE and HDPE films. When soaking in water, the release amount of plantaricin BM-1 from active PE, LDPE and HDPE films reached the maximum potency at 16, 12 and 20 h, respectively. And the maximum release amount of plantaricin BM-1 from PE and LDPE active films was dramatically more than the HDPE active film (P < 0.05). Moreover, the inhibitory effect of active films incorporating plantaricin BM-1 maintained stability for at least 120 days against L. monocytogenes stored at 25
INTRODUCTION
Listeria monocytogenes is a foodborne pathogen that causes a severe disease called listeriosis, which mainly affects immunosuppressed individuals, as well as newborn infants and the elderly (Alves et al. 2006) . It is widely diffuse in the environment and in unprocessed foods of animal origin, such as raw milk, meat and fish, as well as in fruits and vegetables, and L. monocytogenes can also be detected in some processed and readyto-eat foods due to post-processing contamination (Erdősi et al. 2014) . Because of its notoriety, L. monocytogenes is listed as one of the four important foodborne pathogenic bacteria, along with Escherichia coli O157, Salmonella and Shigella, by the World Health Organization.
Antimicrobial packaging films have been shown to be effective in controlling foodborne pathogens and reducing their antimicrobial activity during long transport and storage times (Tripathi, Mehrotra and Dutta 2009) . Thus, to inhibit L. monocytogenes growth in food products, the use of bacteriocins and other biologically derived antimicrobials with antilisterial activity in packaging material has received considerable attention (Coma 2008; Min, Han and Dawson 2010) . Many studies have been conducted using a combination of plastic (as the carrier for the bioactive agents) and bacteriocins to inhibit the growth of L. monocytogenes in food products and to extend the shelf life of food products (Woraprayote et al. 2013) .
Bacteriocins, ribosomally synthesized extracellular peptides, are usually antagonistic to bacteria that are closely related to the producer strain (Jack, Tagg and Ray 1995) . Many studies suggest that bacteriocins can inhibit various food-spoilage bacteria and foodborne pathogens, such as L. monocytogenes, E. coli, Salmonella, Campylobacter faecalis, Shigella shigae and Staphylococcus aureus (Zacharof and Lovitt 2012) . The following four distinct classes of bacteriocins have been identified based on their biochemical and genetic characteristics: (I) lantibiotics, which are small (<5 kDa), membrane-active peptides; (II) small (<10 kDa), heat-stable, non-lanthionine peptides; (III) large (>10 kDa) peptides; and (IV) complex bacteriocins (Perez, Zendo and Sonomoto 2014) .
In recent years, growing attention has been paid to antibacterial packaging, and several bacteriocins have been used to develop bioactive films, such as nisin, a typical I bacteriocin that has been used in most studies (Mauriello et al. 2005; Neetoo, Ye and Chen 2007; Jin et al. 2009; Scaffaro et al. 2011; Pattanayaiying, H-Kittikun and Cutter 2015; Wang et al. 2015) ; lactocin 705 (Blanco Massani et al. 2012 ; sonorensin (Chopra et al. 2015) ; pediocin (Narayanan et al. 2013; Woraprayote et al. 2013) ; enterocin 416K1 (Iseppi et al. 2008) ; and bacteriocin 32Y (Ercolini et al. 2006) . Various methods of application of bacteriocin onto films have also been characterized, including soaking (Blanco Massani et al. 2012; Woraprayote et al. 2013) , blow processing (Scaffaro et al. 2011) , extrusion (Jin et al. 2009 ), spin coating (Iseppi et al. 2008) , pouch contact (Blanco Massani et al. 2008) and the use of a coating rod (Mauriello et al. 2005) .
In our previous study, plantaricin BM-1, produced by Lactobacillus plantarum BM-1 and isolated from a traditionally fermented Chinese meat product, exhibited broad-spectrum antimicrobial activity against some Gram-positive and Gramnegative bacteria, including L. monocytogenes, E. coli, Enterococcus faecalis and La. pentosus. Plantaricin BM-1 has good thermal stability and pH stability (Zhang et al. 2013) . Moreover, plantaricin BM-1 application could significantly control the growth of L. monocytogenes in cooked ham during storage (Zhou et al. 2015) . Thus, plantaricin BM-1 exhibits potential for use in the control of foodborne pathogens in food products. In this study, biological preservative films incorporating plantaricin BM-1 with polyethylene (PE)-based plastics were developed. The inhibitory effects and stability of the antimicrobial packaging films were also characterized.
MATERIALS AND METHODS

Bacterial strains and growth conditions
Lactobacillus plantarum BM-1, the bacteriocin-producer strain used in this study, was isolated from a traditionally fermented 
Bacteriocin preparation
Three liters of sterile MRS broth were inoculated with 2% (vol/vol) pre-cultured La. plantarum BM-1 and incubated at 37
• C under aerobic conditions. Using the method by Zhang et al. (2013) , plantaricin BM-1 was purified using a two-step procedure consisting of pH-mediated cell adsorption-desorption and an SP Sepharose Fast Flow column. Before use, freeze-dried plantaricin BM-1 was dissolved at a 1:20 ratio of the initial culture volume in phosphate buffer (50 mM, pH 6.5) and sterilized by filtration through a 0.22-μm Millex GP filter (Millipore, Bedford, MA, USA) (Zhang et al. 2013) .
Bacteriocin activity quantification
The bacteriocin activity was determined by the agar well diffusion method using stainless steel cylinders with an 8-mm outer diameter; the bacteriocin sensitive L. monocytogenes strain CMCC 54003 was used as the indicator (Zhang et al. 2013) . Extract titers were expressed in arbitrary units (AU) per milliliter (AU/mL). One AU was defined as the reciprocal of the highest serial 2-fold dilution with distilled water showing a clear zone.
Preparation of bacteriocin-activated films and activity determination
Plantaricin BM-1 incorporating films were prepared according to a previously described method (Woraprayote et al. 2013 ) with some modifications. In brief, three types of plastics, PE, low density PE (LDPE) and high density PE (HDPE) films, were sliced into circles with diameters of 10 mm and soaked in a beaker containing 10 mL of a purified plantaricin BM-1 solution (20480 AU/mL) for 2 h at 4
• C under static conditions. After soaking, the film disks were removed from the plantaricin BM-1 solution and were washed three times with 10 mL of deionized water by shaking for 1 min each time to eliminate the unadsorbed plantaricin BM-1 and were then dried at 37
Listeria monocytogenes CMCC 54003 was used as an indicator strain and cultured overnight in TSB at 37
• C to reach the mid-exponential phase. Molten TSB agar was cooled to 45
• C and subsequently seeded with 1% (v/v) of the L. monocytogenes CMCC 54003 culture. The inoculated media were poured into Petri dishes and dried for 30 min. Subsequently, plantaricin BM-1 incorporating films were placed on the agar surface. The agar plates were then incubated at 37
• C for 24 h, and the antimicrobial activity of the films was determined by measuring the diameter of the inhibition zones around the films (expressed as the diameter of the zone of inhibition, including the films). All experiments were repeated three times.
Bacteriocin adsorption and diffusion tests
PE, LDPE and HDPE films were sliced into 50-mm diameter disks and exposed to 10 mL of plantaricin BM-1 solution (20480 AU/mL) for 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22 and 24 h. After soaking, the disks were removed, and the remaining volume of plantaricin BM-1 solution was determined by micropipettor. All experiments were repeated three times.
To determine the diffusion of plantaricin BM-1 from the films, PE, LDPE and HDPE films were sliced into 50-mm diameter disks and exposed to 10 mL of plantaricin BM-1 solution (20480 AU/mL) for 24 h at 4
• C. After drying, plantaricin BM-1 incorporating disks were placed in a beaker containing 10 mL of sterile distilled water and shaken for 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22 and 24 h at 4 • C to allow for plantaricin BM-1 release from bioactive films. The soaking solutions were freeze dried, and arbitrary units of plantaricin BM-1 were determined by the method described above. All experiments were repeated three times.
Antimicrobial effect of plantaricin BM-1-activated films on Listeria Monocytogenes
PE, LDPE and HDPE films were sliced into 10-mm diameter disks and soaked in a beaker containing 10 mL of plantaricin BM-1 solution (20480 AU/mL) for 24 h at 4 • C. The antimicrobial activities of the plantaricin BM-1 incorporating films against L. monocytogenes CMCC 54003 were qualitatively determined by the spectroscopic-turbidity method. The three types of active film disks were added to 10 mL of TSB in which 10 3 cfu/mL of L. monocytogenes CMCC 54003 were inoculated and cultured at 37
• C. The optical densities (ODs) of the cultures were determined every half-hour. Viable counts of L. monocytogenes CMCC 54003 were also analyzed by plate counts every 2 h. An untreated film was included in each experiment as a control. All experiments were repeated three times.
Stability of plantaricin BM-1 incorporating films against Listeria monocytogenes
PE, LDPE and HDPE films were sliced into 10-mm diameter disks and soaked in a beaker containing 10 mL of plantaricin BM-1 solution (20480 AU/mL) for 24 h at 4
• C. The plantaricin BM-1-treated films were stored at 25
• C for 1, 30, 60, 90 and 120 days.
The antimicrobial effect of the plantaricin BM-1-treated films was determined by measuring the diameter of the inhibition zones around the films described above using L. monocytogenes CMCC 54003 as the indicator strain. All experiments were repeated three times.
Statistical analyses
Statistical analyses were performed using the analysis of variance (in SAS, version 9.0. The mean results were used to compare the differences between the treatments.
RESULTS
Antimicrobial effects of plantaricin BM-1-activated plastic films against Listeria monocytogenes
The antibacterial activities against L. monocytogenes on TSB-YE plates of the PE-based films incorporating plantaricin BM-1 are shown in Fig. 1A . Compared with the control, BM-1-incorporating plastic films (PE-BM-1, HDPE-BM-1 and LDPE-BM-1) exhibited obvious inhibition zones around the film disks. The diameters of the inhibition zones around the PE-BM-1, HDPE-BM-1 and LDPE-BM-1 films against L. monocytogenes were 14.33, 15.00 and 15.33 mm, respectively (Fig. 1B ). There were no significant differences (P > 0.01) between the diameters of the inhibition zones among the three active films.
Adsorption of plantarum BM-1 on PE-based films
To investigate the adsorption ability of the three plastic films in regard to plantaricin BM-1, the adsorption volumes of the plantaricin BM-1 solution onto PE, LDPE and HDPE films at different times were recorded. According to our results, the adsorption volumes of the plantaricin BM-1 solution on the plastic films increased gradually with increased incorporation times. The volume of the plantaricin BM-1 solution adsorbed by the PE films continued to increase during exposure for up to 10 h and reached a maximum adsorption volume of 413 μL and then remained constant until the end of the experiment (Fig. 2) . As for the LDPE films, the maximum volume of plantaricin BM-1 solution adsorbed was 423 μL, which occurred at 6 h. Interestingly, the volume of plantaricin BM-1 solution adsorbed by the HDPE films continued to increase for a longer period of time and reached a maximum of 433 μL at 16 h before remaining constant (Fig. 2) . Although the adsorption speeds of plantaricin BM-1 on the three plastic films were different, there were no significant differences (P > 0.05) in the maximum adsorption volumes between the PE, LDPE and HDPE films. 
Diffusion of plantaricin BM-1 from the active films
Films incorporating plantaricin BM-1 were subjected to bacteriocin-release experiments in water. As shown in Fig. 3 , with increasing soaking time, the released amount of plantaricin BM-1 from the PE, HDPE and LDPE films increased gradually. According to the results, the BM-1-HDPE film exhibited the most amount of plantaricin BM-1 release compared to the BM-1-PE and BM-1-LDPE films during the first four hours. The released amount of plantaricin BM-1 from the HDPE film reached a maximum titer of 1280 AU/mL at 12 h. In contrast, the LDPE active film exhibited the slowest release of plantaricin BM-1 and reached a maximum titer of 2560 AU at 20 h of soaking. The maximum titer of plantaricin BM-1 diffusing from the PE active film was 2560 AU at 16 h of soaking.
Antimicrobial activity of the plantaricin BM-1-coated films against Listeria monocytogenes in TSB
To investigate the antimicrobial effect of plantaricin BM-1-coated films against L. monocytogenes, the three types of plantaricin BM-1-incorporated films were added to TSB cultures that were inoculated with 10 3 cfu/mL of L. monocytogenes CMCC 54003.
The ODs of the cultures and the viability of L. monocytogenes CMCC 54003 were determined. According to our results, the cell density of L. monocytogenes CMCC54003 increased from OD 0.1 to OD 1.3 over 960 min, which was when they reached the stationary phase, and then remained stable (Fig. 4A) . However, the addition of a plantaricin BM-1-treated film to a culture of L. monocytogenes CMCC54003 not only prolonged the exponential growth phase to almost 1260 min but also caused a drastic decrease in the cell density of L. monocytogenes (Fig. 4A) . Moreover, during the whole 24-h culture period, the viable cell counts of L. monocytogenes CMCC54003 in the control groups increased gradually, but dramatically declined during the first five hours in cultures exposed to the treated films, and then increased gradually until the end of the experiment. According to our results, the viable counts of L. monocytogenes CMCC54003 in the treated film groups were always lower than in the respective control group (Fig. 4B) . We thus concluded that plantaricin BM-1-incorporated films had an obvious antimicrobial function against L. monocytogenes.
Stability analysis of biological preservative film
To further investigate the stability of plantaricin BM-1 incorporating films against L. monocytogenes for different soaking times and storage times, the three treated films were stored at 25
• C for 120 days and the antibacterial activities of active films against L. monocytogenes CMCC 54003 were examined. Our results indicate that the three plantaricin BM-1 incorporating films exhibited high inhibitory activities against L. monocytogenes, even when stored at 25
• C for 30, 60, 90 and 120 days ( Table 1 ). The longer the soaking time of plastic films in plantaricin BM-1 solution, the larger the inhibitory zone against L. monocytogenes at a given storage time. We thus suggest that plantaricin BM-1 incorporating films have good antibacterial stability for at least 120 days when stored at 25 
DISCUSSION
In this study, we mainly focused on the development and characterization of plantaricin BM-1-coated antibacterial films. By soaking in plantaricin BM-1 solutions for 2 h, three commercial plastic films (PE, LDPE and HDPE) exhibited clear inhibition zones against Listeria monocytogenes CMCC 54003 by the agar well diffusion method ( Fig. 1A and B) . We thus suggest that plantaricin BM-1 can be physically bound to the surface of the three plastic films. PE-based films are the most commonly used commercial films in food packaging worldwide. To produce biologically active package materials, many PE-based films have been incorporated with bacteriocins, such as PE film (Scannell et al. 2000; Ercolini et al. 2006; Blanco Massani et al. 2008) , LDPE (Grower, Cooksey and Getty 2004; Mauriello et al. 2005; Iseppi et al. 2008; Blanco Massani et al. 2012) , polyvinyl chloride (Natrajan and Sheldon 2000) and ethylene-co-vinyl acetate copolymer (Scaffaro et al. 2011) . According to our results, the three PE-based-treated films soaked for 2 h showed no obvious differences (P > 0.05) in antibacterial effect on L. monocytogenes CMCC 54003 by the agar well diffusion method (Fig. 1B) , which was in accordance with the results of Neetoo, Ye and Chen (2007) , who reported that the film type did not have any significant effect on the antimicrobial activity of nisin-coated films (p < 0.05). The adsorption assay indicated that the absorption volumes of the plantaricin BM-1 solution on plastic films increased gradually with longer incorporating times and that the adsorption speed of plantaricin BM-1 on PE, LDPE and HDPE films were different. The LDPE films exhibited the fastest adsorption of plantaricin BM-1 and reached maximum adsorption after soaking for 6 h. In contrast, the HDPE film exhibited the slowest adsorption of plantaricin BM-1 and reached maximum adsorption after soaking for 16 h. However, the maximum adsorption volumes between the three plastic films had no significant difference between them (P > 0.05) (Fig. 2) . Proteins have a strong capability for adsorption on biopackaging due to their amphiphilic character, and the antimicrobial activity of films increases with increasing hydrophilicity of the polymeric matrix (Appendini and Hotchkiss 2000) . Sebti, Delves-Broughton and Coma (2003) reported that 1.5 h of bacteriocin adsorption on an HPMC polymer was sufficient to produce bioactive films. However, Nguyen, Gidley and Dykes (2008) reported that the volume of nisin solution adsorbed by cellulose films continued to increase during exposure for up to 8 h. Combined with our results, different plastic films appear to have various capacities to adsorb bacteriocins.
Another factor to be considered in active packaging food applications is the migration of antimicrobial substances from the film, as well as their antimicrobial activity performance in the presence of food simulants. Protein packaging films can act as a reservoir and gradually release antimicrobial agents to maintain a constant microbial inhibitory effect (Dawson et al. 2002) . Mauriello et al. (2005) reported that nisin release from film was unpredictable, but it was favored by low pH and high temperature. According to our results, the diffusion of plantaricin BM-1 from active films also depended on the plastic materials being in water. With increased soaking time in water, the released amount of plantaricin BM-1 from treated PE, HDPE and LDPE films increased gradually. Additionally, the HDPE bioactive film exhibited the most plantaricin BM-1 release compared to the PE and LDPE films during the first four hours and exhibited less release of plantaricin BM-1 than the other two films at the end of the diffusion experiment (Fig. 3) . We thus conclude that the adsorption of plantarum BM-1 on the HDPE film is weaker than on the LDPE and PE films. The antimicrobial experiments suggested that plantaricin BM-1-coated films not only prolonged the exponential growth phase of L. monocytogenes CMCC 54003 but also caused a drastic decrease in the cell density and viability count of L. monocytogenes ( Fig. 4A and B) .
Thermal stability is one of the most important factors that limit the use of bacteriocin in food active package. Scannell et al. (2000) reported that nisin-incorporated PE/polyamide film maintained activity for a 3-month period, both at room temperature and under refrigeration. Neetoo, Ye and Chen (2007) reported that the nisin-coated films maintained stable activity for the 12 weeks of their study, both at room temperature and under refrigeration. However, Blanco Massani et al. (2012) reported that no antimicrobial activity was detected in lactocin 705-incorporating films stored at 30
• C and 10 • C for 14 days. In this work, plantaricin BM-1 incorporating films had good antibacterial stability for at least 120 days when stored at 25
• C (Table 1) . The results of this study demonstrate that commercially available packaging films can be coated with plantaricin BM-1 and that the resulting antimicrobial films can be conveniently stored at room temperature with no adverse effects on plantaricin BM-1 antimicrobial activity.
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